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Abstract

Plastic components are widely used on the exterior body of automotive vehicles. When
the vehicle is moving, these components experience deformation caused by air flow.
Simultaneously, the deformation affects the flow of air around the vehicle. This research is
focused on developing virtual simulation techniques for determining the vehicle air dam
behaviour under aerodynamic loads. The main objective of this research is to develop a fluidstructure interaction (FSI) methodology for predicting deflection of the air dam.
Computational Fluid Dynamics (CFD) and Finite Element Analysis (FEA) codes are
coupled so that fluid pressure and air dam displacement parameters are exchanged. The FSI
simulation implements a file-based two-way coupling procedure. Each time the CFD simulation
is run, a file containing the pressure field on the surface of the air dam is exported to the FEA
code. Then, FEA applies the pressure field as a distributed load on the air dam to compute the
displacement. The deformed air dam shape is transferred back to the CFD solver and the
previous air dam in the CFD simulation is replaced with the deformed one. The pressure field is
computed with the deformed air dam and file exchange is continued until the air dam no longer
deforms. Once the simulation has converged, the displacement is compared with the wind tunnel
data to assess the accuracy of the FSI model.
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Chapter 1 Introduction and Background Literature

1.1 Introduction
Today’s automotive industry has placed significant emphasis on improving fuel economy
of automobiles as emission regulations become increasingly stricter. One common approach to
achieve this goal is to use lighter material for the car body, such as a polymer that can be cost
effective and reasonably durable at the same time. Many components including body panels in
today’s vehicles, estimated to be 8% of vehicle weight [1], are made of some type of polymer.
One such panel is the air dam, which is a type of a spoiler attached under the front bumper, as
shown in Figure 1.1. The primary functions of the air dam are to redirect the oncoming air flow
in an effort to increase the vehicle performance at high speeds by forcing more air to flow over
the top of the vehicle, providing enhanced stability and driver control while simultaneously
reducing the drag and thereby improving fuel consumption. Additionally, since the engine
compartment and components like the suspension system, fuel tank, and exhaust related parts are
exposed to the underbody air flow, a well-designed air dam can be used to improve engine and
component cooling by altering the air flow around these parts.

Air dam

Figure 1.1: An air dam of a truck
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Since the air dam is made of polymer material, it is susceptible to deformation under
aerodynamic loading, especially at high speeds. Therefore, during the early stages of vehicle
development, it is important to study the deflection of the air dam when a vehicle is travelling at
high speeds since, as mentioned above, it can change the aerodynamic behaviour of the vehicle
and reduce the functionality of the air dam. Such a study can be achieved by coupling both
computational fluid dynamics (CFD) for the fluid flow and finite element analysis (FEA) for the
solid deformations since both a fluid and a solid are simultaneously involved in this interaction.
This fluid-structure interaction (FSI) approach allows the automobile manufacturers to
investigate deflection of the air dam and predict how much permanent deformation will occur.
FSI simulations decrease vehicle development time and help to reduce the cost of future
development by minimizing the amount of expensive full-scale wind tunnel testing needed.
Therefore, both computational fluid dynamics and finite element analysis simulations have
become a crucial part of vehicle development.
Fluid-structure interaction models can be developed in various ways. First, a suitable pair
of CFD and FEA commercial software packages should be selected and a coupling method can
then be chosen, based on the capabilities of the software as well as the characteristics of the
material and flow. The commercial software packages that were chosen for the CFD and FEA
simulations in the current research are STAR-CCM+ v11.06 [2] and ABAQUS FEA 2017 [3],
respectively. These two codes, which were available from Fiat Chrysler Automobiles resources,
can be coupled for FSI analysis using built-in features. One of the most challenging parts of an
FSI simulation is the interpolation of fluid flow and solid deformation data between the CFD
software and the FEA software, due to the fact that the mesh is generally not conformal between
the two codes. A weakly coupled two-way coupling methodology is applied on this project.
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Details of the interpolation and coupling procedures are discussed in Chapter 2. The simulation
models and coupling method can be validated if there is an experimental data set available. Fiat
Chrysler engineers conducted experiments at their facilities to provide necessary data for
validation of the numerical results.

1.2 Background Considerations
1.2.1 Fluid-Structure Interaction
Fluid-structure interaction is a multi-physics problem where fluid and solid domains
depend on each other. This approach is generally applied when the fluid causes deformation in
the solid, which then causes a change in the flow field as the solid deforms. In order to capture
this phenomenon, CFD and FEA files or codes are coupled for data exchange. An interface has
to be defined to provide a surface on which the data can be exchanged. The interaction can be
coupled either mechanically or thermally. For a mechanically coupled interaction, the solid
displacement and fluid traction (pressure and shear) are exchanged. On the other hand, heat flux
and temperature are exchanged for a thermally coupled interaction.

1.2.2 Coupling Methods
There are several methods to exchange the CFD and FEA data depending on the
particular requirements of the application being considered. The partitioned method, which is
used in this thesis, is an approach where the fluid domain and solid domain are solved separately
using the appropriate solvers for each domain. There are generally two ways to couple fluid and
solid solvers. One method is to implement a one-way coupling procedure which involves data
being exchanged in only one direction as illustrated in Figure 1.2. For example, after completing
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the CFD simulation, a file containing the (fluid) pressure load is exported from the CFD code to
the FEA code. In this case, it is assumed that the structure is affected by the fluid flow but the
structural deformation is considered to have negligible effect on the flow field. An advantage of
one-way coupling is that the solvers are run separately, only one at a time, and therefore this
approach requires fewer computing resources. One disadvantage of one-way coupling is that the
data exchange process is done manually by the user. Obviously, one-way coupling is not
appropriate under conditions where the solid object experiences large deformations.

Figure 1.2: Schematic of a one-way coupling
procedure

If the flow field is significantly affected by the structural deformation, a data file must be
exported back to CFD from FEA. This is referred to as two-way coupling. This method involves
running the two solvers at the same time with data automatically exchanged in both directions at
every time step as illustrated in Figure 1.3. Two-way coupling is necessary for cases where both
the structure and fluid domains are strongly dependent on each other. The solvers can be either
weakly or strongly coupled depending on the required solution accuracy in both domains. For a
weakly coupled solver, data is exchanged once every time step. On the other hand, for a strongly
coupled solver, data is exchanged multiple times over every time step. For example, suppose the
traction load is exported to FEA from CFD. Based on the traction load, the deflection is
calculated. The boundaries of the fluid domain are then modified to account for the deflection
4

and the mesh is adjusted based on the deflection data. The main advantage of this approach is
that the data exchange process can be automated until it reaches the specified convergence
criteria. The main disadvantage is that both solvers have to be running at the same time which is
much more computationally expensive than a one-way coupling process.

Figure 1.3: Schematic of a two-way coupling procedure

1.2.3 Non-Conforming Mesh
From a numerical simulation perspective, one of the more difficult aspects to overcome
in a FSI simulation is the fact that there is a difference in how the meshes are formulated in FEA
and CFD. FEA models utilize a Lagrangian mesh formulation where the mesh is fixed to the
mass and moves in space as a function of the mass motion. On the other hand, CFD models
generally utilize the Eulerian mesh formulation where the mesh is fixed in space and mass flows
through the fixed mesh. Thus, there are discrepancies and mismatches between the meshes in the
two domains, which is especially problematic for data exchange at the interface between the
domains. Data must be exchanged at the defined interface between the FEA and CFD meshes.
For example, when pressure is mapped from the CFD code to the FEA code, it is transferred
from fluid cell faces to solid cell faces. As illustrated in Figure 1.4, part of the interface may
have a gap (shown in red) between faces and the meshes may overlap (shown in green) in other
places. The Arbitrary Lagrangian Eulerian (ALE) method, initially suggested by Noh [4] under
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the term ‘coupled Eulerian-Lagrangian’, was formulated to overcome this mesh mismatch. This
method is used to allow data exchange between the two meshes as they deform and move. In
ALE, the mesh movement is arbitrary and controlled by the method of interpolation used to map
data from fluid nodes to solid nodes and vice-a-versa. Mesh distortion is minimized when an
appropriate method of interpolation is chosen. The specific interpolation method used in this
thesis is discussed in Chapter 2.

Fluid

Solid

Interface

Gap

Overlap

Figure 1.4: Non-conformal meshes at an interface

1.2.4 Fluid-Structure Interaction Applications
The interaction of a flexible structure with a flowing fluid is representative of a wide
variety of applications in different fields of engineering [5]. Some examples include the stability
and response of aircraft wings, the flow of blood through arteries, the response of bridges and tall
buildings to winds, the vibration of turbine and compressor blades, and the oscillation of heat
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exchangers. Researchers began to look at these phenomena since the 1950’s. Bisplinghoff et al.
[6], Fung [7], and Dowell et al. [8] have published excellent books covering different aspects and
applications of FSI.

1.2.5 FSI Simulation for Automotive Vehicles
The fluid-structure interaction methodology has been implemented in the automotive
industry for testing various vehicle components. Research conducted by Patil et al. [9] and Kesti
& Olsson [10] focused on studying the behaviour of exterior body components under
aerodynamic load. They used a steady state solver for their simulations since the interest was to
determine the final deformation in the equilibrium state. Patil et al. [9] chose the two-way
coupling method to predict deformation of an air dam of a sport utility vehicle. The software
chosen for this project was STAR-CCM+ for both fluid and solid solvers. Static pressure was
calculated from CFD and used as an input for a finite volume structural solver (FVS). The output
of the FVS solver was the displacement of each node of the air dam. Then the air dam was
deformed using mesh morphing based on the displacement. Static pressure was computed again
but with the deformed air dam and used as an input for the FVS solver as shown in Figure 1.5.
This process was repeated until the maximum displacement was reached.

7

Figure 1.5: Schematic diagram of the air dam flow simulation [9]

Kesti & Olsson [10] conducted a similar research using the FSI methodology. The
behaviour of underbody panels under aerodynamic load was studied. Both one-way and two-way
coupling methods were applied and compared. It was concluded that one-way coupling would
have been sufficient since the deflections were small. Also, mesh morphing was a challenge for
the two-way model, resulting in convergence issues.
Validation is also an important step to evaluate accuracy of virtual simulations. Patil et al.
[9] compared their simulation data with wind tunnel test data. Observed parameters were
deflection and shape of the air dam. The simulation predicted the deflection of 13 mm as
opposed to 12 mm in the wind tunnel test. Kesti et al. [10] used different CFD (ANSYS
FLUENT) and FEA (NASTRAN) software package to validate their results. The validation
procedure was performed on ANSYS Workbench which allows to run an FSI simulation within
ANSYS software. At the end, the two results were compared for validation. Their one-way
simulation had a percentage error for the displacement in the range of 4% to 12%. The research

8

conducted by Pesich et al. [11] included validation through comparison with experimental data.
The pressure field and displacement of a vehicle hood were compared with wind tunnel test data.
It was noted that the location of measurement devices such as a laser could interfere with the
pressure field. Since the pressure field was used to compute the displacement, this would
inevitably lead to an error in the predicted displacement. The predicted highest deflection point
on the hood had an error of 50%.

1.3 Research Objectives
The objective of this research is to develop a FSI model that can predict the deformation
of an air dam of a truck under aerodynamic loads. Once this is achieved, it is expected that the
methodology developed in this thesis can be implemented for future vehicle development,
possibly reducing wind tunnel usage and overall development time and cost.
The main focus of this research is to:
a. Develop a fluid-structure interaction model that predicts deflection of the air dam.
b. Evaluate the relation between the pressure field and displacement of the air dam.

1.4 Outline of Thesis
This thesis is organized as follows: Chapter 1 provides a review of FSI literature
involving similar studies that have been completed on automotive body components under
aerodynamic load. In Chapter 2, a high-level description of the governing equations that are used
in the CFD and FEA software is presented and some computational issues related to the FSI
simulations are discussed. Chapter 3 describes a FSI simulation of a plate model, which is
studied to develop and demonstrate an appropriate methodology for the full vehicle model. This
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methodology is implemented in Chapter 4 to carry out the full vehicle simulation. Results and
discussion of the simulation are covered in Chapter 5 and conclusions and recommendations for
future investigations are summarized in Chapter 6.
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Chapter 2 Theory

2.1 Governing Equations for Fluid Phase
2.1.1 Fluid Flow Equations
For the simulations carried out in this research, six equations are solved in the fluid
domain. The first equation is the continuity or conservation of mass equation, which states that
the mass that enters into a volume is equal to the mass that exits it. Equation (2.1) is the general
form of the conservation of mass equation. The first term refers to the time rate of change in
density and the remaining terms represent the rate of mass flux out of the volume [12]:
∂ρ ∂(ρu) ∂(ρv) ∂(ρw)
+
+
+
=0
∂t
∂x
∂y
∂z

(2.1)

where ρ is fluid density, t is time and u, v, w are velocity components in the x, y, z directions,
respectively. Since the inlet flow condition for the air dam simulation is uniform air flow at 31.3
m/s (70 mph), the Mach number is smaller than 0.3. Therefore, the flow is low subsonic and may
be regarded as incompressible. For incompressible flows, equation (2.1) reduces to
∂u ∂v ∂w
+ +
=0
∂x ∂y ∂z

(2.2)

Three of the governing equations are the conservation of momentum equations which are
based on Newton’s second law and commonly known in fluid mechanics as the Navier-Stokes
equations. These equations state that the rate of change of momentum of a fluid particle is equal
to the sum of the forces on the fluid particle. In general, forces on the fluid particles include
surfaces forces (pressure and viscous forces) and body forces (gravity, centrifugal, Coriolis,
electromagnetic forces, etc.).
The complete 3-dimensional Navier-Stokes equations, in conservation form, are [12]:
11

∂(ρu) ∂(ρu2 ) ∂(ρuv) ∂(ρuw)
∂p ∂
∂u
+
+
+
= − + (λ∇ ∙ U + 2μ )
∂t
∂x
∂y
∂z
∂x ∂x
∂x

+

∂
∂v 𝜕𝑢
∂
∂u ∂w
)} + ρf𝑥
{μ ( + )} + {μ ( +
∂y
∂x 𝜕𝑦
∂z
∂z ∂x

(2.3)

∂(ρv) ∂(ρuv) ∂(ρv 2 ) ∂(ρvw)
∂p ∂
∂v 𝜕𝑢
+
+
+
= − + {μ ( + )}
∂t
∂x
∂y
∂z
∂y ∂x
∂x 𝜕𝑦

+

∂
∂v
∂
∂w ∂v
(λ∇ ∙ U + 2μ ) + {μ (
+ )} + ρf𝑦
∂y
∂y
∂z
∂y ∂z

(2.4)

∂(ρw) ∂(ρuw) ∂(ρvw) ∂(ρw 2 )
∂p ∂
∂u ∂w
)}
+
+
+
= − + {μ ( +
∂t
∂x
∂y
∂z
∂z ∂x
∂z ∂x
(2.5)
+

∂
∂w 𝜕𝑣
∂
∂w
{μ (
+ )} + (λ∇ ∙ U + 2μ ) + ρf𝑧
∂y
∂y 𝜕𝑧
∂z
∂z

where p is pressure, μ is dynamic viscosity, λ is the second coefficient of viscosity (by Stokes’
hypothesis λ = −

2μ
3

), ∇ is the gradient operator, U = (u,v,w) is the velocity vector and f𝑥 , f𝑦 , f𝑧

are the body force components.
The remaining two equations are transport equations to model turbulence in the flow. The
two-equation k-𝜖 model, where k is turbulent kinetic energy and 𝜖 is turbulent dissipation rate, is
used in this study and described in the next section.
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2.1.2 Turbulence Model
The selected turbulence model for the fluid phase simulations is the k-𝜖 model. This
model is most widely used for many CFD industrial applications due to its robustness, simplicity
and well-established history by other users. The model is suitable for studying flows where
recirculation and thin shear layers exist. There are two transport equations in the standard k-𝜖
model, one for turbulent kinetic energy (k) and one for turbulent dissipation rate (𝜖), given as
[12]:

μt = ρCμ

k2
ϵ

(2.6)

∂(ρk)
μt
+ ∇ ∙ (ρkU) = ∇ ∙ { ∇k} + 2μt Sij ∙ Sij − ρϵ
∂t
σk

(2.7)

∂(ρϵ)
μt
ϵ
ϵ2
+ ∇ ∙ (ρϵU) = ∇ ∙ { ∇ϵ} + C1ϵ 2μt Sij ∙ Sij − C2ϵ ρ
∂t
σϵ
k
k

(2.8)

where μt is eddy viscosity and Sij is the rate of deformation tensor.
The following values are well established for the constants in the equations above based on a
variety of turbulent flow studies:
𝐶𝜇 = 0.09

𝜎𝑘 = 1.00

𝜎𝜖 = 1.30

𝐶1𝜖 = 1.44

𝐶2𝜖 = 1.92

2.1.3 Finite Volume Discretization
The finite volume method is a procedure for discretizing partial differential equations into
the form of algebraic equations. The governing equations (2.2) – (2.5), (2.7) and (2.8) are
transformed into a series of algebraic equations for numerical analysis. The governing equations

13

are discretized by performing control volume integration in space and time. The following
integral form of the general transport equation is formed [12]:
∂
∫ ρϕdV + ∫ ρUϕ ∙ da = ∫ Γ∇ϕ ∙ da + ∫ Sϕ dV
∂t CV
⏟
⏟A
⏟A
⏟CV
Transient Term

Convective Flux

Diffusive Flux

(2.9)

Source Term

where ϕ is a scalar property (i.e., velocity components, pressure, turbulent kinetic energy,
turbulent dissipation rate), CV is the control volume, A is the surface area of the control volume
and da indicates the element of surface area in the direction of the normal vector to the surface.
The volume integration is carried out on the control volume and the surface integration is carried
out over the surface of the control volume. The four terms in equation (2.9) are described as
follows:
-

Transient term: the rate of change of the total quantity of the fluid property ϕ in the
control volume

-

Convective flux: the rate of change of the property ϕ due to the convection flux across
the bounding surface of the control volume

-

Diffusive flux: the rate of change of the property ϕ due to diffusive flux across the
bounding surface of the control volume

-

Source term: the volumetric source in the control volume

The commercial CFD software STAR-CCM+ ver.11.06 [2] is used to solve the fluid flow
equations (2.2) – (2.8).
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2.2 Governing Equations for Solid Phase
2.2.1 Solid Deformation Equations
A large number of problems to which ABAQUS is applied involve solving for an
approximate value of displacement, stress, temperature and other specified variables. These
variables are subject to calculation in a solid body that is under load. ABAQUS uses the
principle of virtual work to develop the governing equations for a given problem. The principle
of virtual displacement, which is a variation of the principle of virtual work, is used to calculate
displacement.

Figure 2.1: Finite element mesh

The principle of virtual work, i.e., (internal virtual work) – (external virtual work) = 0, is
expressed mathematically as

∫Ω 𝛿𝜀 𝑇 𝜎𝑑𝑣 − ∫Ω 𝛿𝑢𝑇 𝑏𝑑𝑣 − ∫Γ 𝛿𝑢𝑇 𝑡𝑑𝑠 = 0
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(2.10)

where 𝜀 is strain, 𝜎 is stress, t is true stress (Cauchy stress), u is displacement, b is body force, Ω
is the volume occupied by the body and Γ is the surface bounding this volume. Equation (2.10) is
solved for each element (like the one shown in Figure 2.1).
2.2.2 Finite Element Discretization
The finite element method (FEM) has been widely used for analysis of both structural
and non-structural problems. In particular, FEM is an efficient method for solving partial
differential equations to determine physical quantities such as displacement, stresses and
temperatures [13].
The finite element discretization involves converting the governing integral equations,
like equation (2.10), and solving them in the form of a system of algebraic equations. This is
done by first dividing the solution region such as a structural body into a finite number of
elements. Then, the solution is assumed to be a linear combination of polynomial approximation
functions and the coefficients in the linear combination are determined for each element from the
governing equations. The equations are solved not as a whole domain but instead they are solved
in each element. The final solution is the combined solution of all the elements.
Weighted residual methods, such as the Petrov-Galerkin and Galerkin methods, leastsquares method and collocation method, are widely used in finite element analysis. Galerkin’s
method can be used where energy methods are applicable since both methods yield the same
results [13]. The unknown quantity such as a displacement is approximated by an approximation
function in a problem defined by a differential equation. This is illustrated in Figure 2.2, where
the variable pi is the unknown quantity at each node i.
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Figure 2.2: Approximating (linear) functions used to obtain the unknowns at nodes in the mesh

The finite element method is based on element stiffness equations and these equations are
solved in a matrix form as there are multiple elements to be considered in the analysis. The
following represents the system of equations used to determine the unknown quantity.
{F} = [K]{u}

(2.11)

{f} = [k]{u}

(2.12)

In a structural problem, equation (2.11) above is called the global stiffness equation,
where {F} are the global forces, [K] is the stiffness matrix, and {u} is the unknown quantity to
be determined. It represents a set of simultaneous algebraic equations for a continuous structure
such as the one shown in Figure 2.3 containing a series of elements. For each element, equation
(2.12) is solved. For example, a spring element shown in Figure 2.4 has a stiffness matrix [k],
nodal displacements {u} and nodal forces {f}.
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Figure 2.3: A structure that consists of three spring elements

Figure 2.4: A single spring element

When the displacement is the unknown quantity, the equations above can be modified
using Hooke’s law. The displacement at each node is governed by the system of equations (2.13)
to (2.15):
[ε] = [B][d]

(2.13)

[σ] = [E][ε] = [E][B][d]

(2.14)

[B] = [∂][N]

(2.15)

where 𝜀 is the strain, B is the strain displacement, d is the nodal displacement, 𝜎 is the stress, E is
Young’s modulus, 𝜕 is the gradient matrix, and N is a shape function. The commercial software
ABAQUS is used in this research to solve the structural equations. In ABAQUS, stress is always
reported as Cauchy stress since it measures traction applied by any internal surface in a body.
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2.3 Coupling of the Fluid and Solid Phases
2.3.1 STAR-CCM+ and ABAQUS Coupling
As mentioned in Chapter 1, an interpolation procedure is used to transfer information
across the fluid/solid interface in the non-conformal mesh. The default interpolation setting in
STAR-CCM+ is the weighted linear least-squares method. This method is chosen because the
information is exchanged between the fluid face and solid face. The target value is approximated
and mapped by using the values in the surrounding cells that share at least one vertex. Before
data is mapped, the distances between fluid and solid region surfaces are checked to determine if
it is within a specified value. If the distance is out of the range, either the average of surrounding
values or the specified value is used, as explained below in Figure 2.5 for the faces 9, 12, 13, and
14.
For example, evaluating the value at point “a” in face 0 requires interpolating values from
vertices sharing faces with face 0, i.e., faces 2, 3, 4, 5, 6 and 8 as shown in Figure 2.5. As
mentioned above, faces 9, 12, 13, 14 are out of range and therefore not part of the computation.
In this case, unless there is a specified data value, the average of surrounding values (the ones
that are interpolated such as faces 2, 3, 4, 5, 6, and 8) will be used.
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Figure 2.5: Example of the least-squares method used in STAR-CCM+

The challenging part is to exchange parameters effectively and efficiently. Since data
mapping is done via mesh interpolation, it is inevitable that some error is produced. Due to the
nature of FSI methodology, in which each time step or iteration is built on the previous ones,
there is the possibility that the error can accumulate over time. In order to reduce such
inaccuracy, STAR-CCM+ allows the user to add user-specified settings such as mapping values
that are within a certain range or ensuring that the surface normal at the target point faces the
surface normal at the closest source point.
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Chapter 3 Plate Model Simulation

3.1 Background
In order to establish and verify a practical methodology in STAR-CCM+ for a two-way
coupled FSI simulation for the air dam problem, a simple flat plate model was initially studied.
In particular, the SIMULIA Co-Simulation Engine, which is built into STAR-CCM+, enables the
user to couple CFD and FEA solvers simultaneously without exchanging files. For this
preliminary simulation, a flat plate was pinned at the base to a smooth flat bed and subjected to a
uniform flow of air at 10 m/s. Since the only objective of this simple model was to verify that the
simulations would predict that the plate reaches an equilibrium position, no validation was
undertaken. In the two-way coupling process, a traction load in the form of pressure on the plate
is computed in STAR-CCM+. This traction load is then sent to ABAQUS, the resulting
displacement is computed and passed back to STAR-CCM+, completing one cycle of the
process. The fluid domain mesh is morphed at each time step using the displacement to
determine the revised geometry of the fluid region, and the process is repeated at the next time
level. Subsequently, once this methodology was established and verified for the flat plate, the
geometry of the plate was modified to more closely resemble the air dam and appropriate
material properties were employed.
The simulation procedure is identical for both the simple and modified plate cases.
Separate plate models were created in STAR-CCM+ and ABAQUS for the fluid and solid
domains, respectively. An interface was specified in each model. This interface is a set of
surfaces on the plate that are defined in ABAQUS, and STAR-CCM+ uses these surfaces for
mapping the traction loads. The initial condition (pressure field on the plate) for the ABAQUS
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simulation is obtained from a steady-state CFD solution without any mesh morphing or data
exchange. ABAQUS leads the actual FSI simulation as it computes displacement using the initial
pressure field. After the initial solution was obtained, the CFD solver settings were changed so
that subsequent simulations were run in the unsteady mode. Each time step accounts for
5 × 10−4 seconds of physical time. During each time step, i.e., over one cycle, the CFD
simulation runs for 10 iterations and displacement is computed in ABAQUS using the pressure
field from the CFD output. Once the displacement is imported back to STAR-CCM+, the mesh is
deformed in the fluid domain. This process is repeated until both solvers reach 4 seconds of
physical time.

3.2 Case 1: Simple Plate Model
This model was set up to verify that the CFD code and the FEA code communicate
effectively with each other to simulate a two-way strongly coupled FSI. The plate, with width
0.08 m, height 0.1 m and thickness 0.0025 m, is pinned at the bottom, perpendicular to a flat
wall. This geometric boundary condition is achieved by imprinting the plate to the computational
domain then extracting the volume in STAR-CCM+. Imprinting allows the bottom surface of the
plate to be embedded in the floor of the fluid domain so that the mesh of the plate is conformal
with the fluid domain. In ABAQUS, this is achieved by selecting the pinned option for the nodes
on the bottom of the plate. Therefore, the plate is constrained to prevent translation or rotation,
but it is allowed to bend and twist. The material properties of the simple plate model are
provided in the second column of Table 3.1.
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Table 3.1: Material properties of the simple (Case 1) and modified (Case 2) plates
Case 1

Case 2

Model

Elastic material

Elastic material

Young’s Modulus (MPa)

38.4

1300

Poisson’s Ratio

0.3

0.38

Density (kg/𝑚3 )

4096

870

The computational domain are boundary conditions for Case 1 is shown in Figure 3.1,
with the plate located slightly ahead of the middle part of the computational domain. Table 3.2
lists the STAR-CCM+ settings for the air flow simulations.

Symmetry planes

STAR-CCM+ offers a number of options for setting the flow and simulation
Pressureparameters
Outlet
such as order of the discretization, system of equations solvers and turbulence models. The
Velocity
following table lists the numerical setup of the plate simulations reported in this research.
Inlet
Bottom wall
(no slip)

Figure 3.1: Computational domain and boundary conditions setup for Case 1 (plate thickness:
0.0025 m)
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Table 3.2: Numerical setup for the STAR-CCM+ simulations (Case 1 and Case 2)
Time discretization

Flow

Spatial discretization

Turbulence model

Coupling model

Boundary conditions

•

Unsteady, 2nd order, implicit

•

Incompressible flow

•

Segregated solver

•

2nd order upwind for convection

•

2nd order central for diffusion

•

Reynolds-Averaged Navier-Stokes

•

SST k-ω

•

2-way co-simulation

•

ABAQUS explicit coupling

•

Inlet: velocity inlet

•

Outlet: pressure outlet

•

Top and sides of domain: symmetry plane

•

Bottom of domain: wall (no-slip)
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Two different solver options are available for the ABAQUS simulations, depending on
whether the problem is dynamic or static. Table 3.3 lists the numerical setup for the plate
simulations reported in this research.

Table 3.3: Numerical setup for the ABAQUS simulations (Case 1 and Case 2)
•

ABAQUS/Standard

•

Dynamic

•

2nd order implicit

Matrix solver

•

Newton-Raphson method

Coupling scheme

•

Sequential explicit coupling scheme (Gauss-Seidel)

Solver

The meshes for these simulations were created in STAR-CCM+ using polyhedral cells
and prism layers in both the fluid domain and on the plate. There is a total of 70,267 cells and the
base size of each mesh is 0.01 m. The mesh is more refined on the surface of the plate by 50%.
As shown in Figure 3.2, a plane is created normal to the y-axis that cuts through the middle of
the computational domain to aid in visualizing the moving mesh and solution.

Figure 3.2: Overall mesh with central plane (for visualization)
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The goal of this fluid-structure simulation is to capture the deformation of the plate as it
twists continuously due to the alternating vortex shedding on the sides of the plate. Both top
corners of the plate are in phase during the early stage of the simulation but start to become out
of phase after some time. This behaviour is similar to that of a simple harmonic oscillator when a
force is applied. It can be described as the influence of a restoring force which pushes the plate in
the opposite direction as the plate bends forward. This deformation is monitored by measuring
the displacement in the x-direction of the top corners of the plate.
The top corners of the plate reach their maximum displacement of 0.021 m at the first
bending mode, after which it continues to oscillate with decreasing amplitidue. The initial plate
position and mesh, and the final plate deformation and final mesh at 4 seconds of solution time
are shown in Figure 3.3.
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Figure 3.3: Mesh and plate at rest (initial position) and at 4 seconds

The monitor points at the top corners of the plate are shown as red circles in Figure 3.1.
As shown in Figure 3.4, the amplitude of the oscillation becomes constant after about 2.5 s, even
though there is a phase difference between the two monitor points. As mentioned above, the
plate remains in twisting motion, as illustrated by the top view in Figure 3.5. Similar to the
classical flow past a bluff body, a large wake region of low pressure is formed behind the plate.
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Furthermore, since the simulation is transient, the asymmetrical von Karman vortex shedding

x-displacement (m)

behind the plate is successfully captured in the simulation.

Right monitor point
↓

↑

Left monitor point

Physical Time (s)

Figure 3.4: Instantaneous displacement of each monitor point (Case 1)

Figure 3.5: Instantaneous pressure field at 4 seconds (Case 1)
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3.3 Case 2: Modified Plate Model
The same methodology established for Case 1 is applied in this case, but the geometry
and material characteristics (see Table 3.1, column 3) of the plate have been modified to
resemble the actual air dam of the vehicle to be studied in Chapter 4. Figure 3.6 illustrates the
computational domain for the simulation, and the dimensions of the modified plate and the
monitor points are shown in Figure 3.7. The flow field boundary conditions are identical to those
used for Case 1.

Figure 3.6: Computational domain setup for Case 2

1.85 m

0.106 m

Monitor points

Thickness: 0.003 m
Figure 3.7: Geometry of the modified plate and location of displacement monitor points
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The main motivation for studying this model is to simulate the displacement of the
modified plate, which more closely resembles an actual air dam, and the flow field around it.
Since the modified plate is wider than the original simple plate (i.e., Case 1), three displacement
monitor points were created along the top edge of the modified plate for this simulation. In
addition to the two top edge corner points, an extra monitor point was created at the middle of
the top edge (shown in Figure 3.7). With a wider geometry and more rigid material properties,
the modified plate is expected to oscillate at first, but the oscillations should diminish much
faster than in Case 1. Also, since an air dam is attached to the front bumper (Figure 3.8) in such a
way that it is not only pinned but also constrained from rotating about the x, y, and z axes, an air
dam should not translate or rotate in any direction.

Air dam
Figure 3.8: An air dam installed on a truck
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The numerical setup of Case 2 remains the same as Case 1. However, due to the change
in geometry of both the computational domain and the plate, mesh settings have been modified
to shorten the total simulation running time while ensuring convergence to a quasi-steady state.
Therefore, polyhedral cells and prism layers are used, but the base mesh size is 0.1m, giving a
total of 73,107 cells. The plate and the mesh around it at the start (t = 0 s) and at the end (t = 4 s)
of the simulation are shown in Figure 3.9.

Figure 3.9: Mesh structure near the modified plate at rest and at 4 seconds
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The middle monitor point experiences the most deflection initially and continues to
deflect more than the other two monitor points, but the amplitudes of oscillation at all three
points attenuate significantly at about 0.5 seconds as shown in Figure 3.10. The oscillation of
each monitor point becomes more uniform with a consistent amplitude after about 0.7 seconds.

x-displacement (m)

These oscillations are the direct result of the vortex shedding from the top and sides of the plate.

right monitor point
↓

central monitor point
↓

↑
left monitor point

Physical Time (s)

Figure 3.10: Plate displacement of each monitor point (Case 2)

The deflection of the mid-plate reaches a mean value of 0.012 m, compared to 0.010 m at
the endpoints. This is consistent with the wind tunnel test data of the full vehicle, where the
deflection in the middle part of the air dam was higher than the edges and also experienced some
oscillation, as shown in Figure 3.11. Details will be discussed in Chapter 5.
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0.015

Deflection (m)

0.0145
0.014
0.0135
0.013
0.0125
37.4

37.5

37.6

Time (seconds)

Figure 3.11: Deflection measurement at the middle point of the air dam

Despite these oscillations, since they are small, it is safe to assume that the flow field and
plate displacement are not significantly changing in time. Figure 3.12 shows that the pressure
field is relatively symmetrical and a steady wake is formed as the plate maintains its deformed
state. This result supports the use of the steady-state solver for each FSI cycle for the air dam
problem.

Figure 3.12: Instantaneous pressure field at 4 seconds (Case 2)

33

As previously discussed, lessons learned from this series of plate model simulations will
be applied to study the full vehicle model in the next chapter. Being able to utilize the steadystate solver for the vehicle simulation is especially important and crucial as this saves significant
computing time and resources.
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Chapter 4 Full Vehicle Modeling

4.1 Simulation Setup of a Truck
Two separate models were created for use with STAR-CCM+ and ABAQUS. The fluid
domain was created in STAR-CCM+ and includes the full vehicle in a wind tunnel. However, to
reduce the overall computational time, only the air dam was included in the ABAQUS model.

4.1.1 STAR-CCM+ Model
The truck is positioned in the computational domain so that it resembles the placement of
the vehicle in the wind tunnel (Figure 4.1). The flow conditions for the computational domain
are velocity inlet and pressure outlet for inlet and outlet, respectively. As in the plate models of
Chapter 3, the side and top boundaries are treated as symmetry planes and the bottom is a no-slip
wall. The vehicle model includes all the vehicle parts such as wheels, engine and cooling
systems (Figure 4.2). The ride height of the vehicle is also set to the same height as the wind
tunnel testing vehicle.

Figure 4.1: Full vehicle setup in STAR-CCM+
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Air dam

Figure 4.2: Detailed view of the full vehicle model

Region based meshing is used for the CFD simulation since the geometry was originally
imported from CAD software as a region. Therefore, different mesh settings can be applied in
each region by creating a mesh continuum. There are approximately 110 million cells in total.
The mesh is more refined in the external body panels, especially for the air dam. For instance,
the base surface mesh size of the air dam is more refined by between 75% and 87.5% compared
to other body components of the vehicle. After the surface mesh is created, the volume mesh is
created using polyhedral cells and prism layer cells as shown in Figure 4.3 and Figure 4.4.

Figure 4.3: Mesh on the air dam in STAR-CCM+
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Figure 4.4: Close-up view of the (fluid) mesh on the air dam

Table 4.1 includes the physics models used for the CFD simulations.
Table 4.1: Physics models for the CFD simulation
Time

•

Steady

Material

•

Gas

•

Incompressible flow (constant density)

•

Segregated flow solver

•

Reynolds-Averaged Navier-Stokes

•

k-ε turbulence model

Flow

Turbulence
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4.1.2 ABAQUS Model
In ABAQUS, the full vehicle model is reduced to a single part model which represents
the air dam (Figure 4.5). Thus, it is assumed that all other vehicle components are stationary
throughout the simulation process. The air dam is modeled as a shell with a thickness of 3 mm.

Figure 4.5: The air dam modeled in ABAQUS
The FEA model consists of 21,011 shell elements. Most of the elements are linear
quadrilateral (S4) since a large section of the air dam is reasonably flat, but linear triangular
elements (S3R) are used in sections of the air dam with significant curvature. The elements
shown in Figure 4.6 are general purpose shell elements used for stress and displacement
computation. They are also suitable for large strain analysis [3].
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4-node (S4) full
integration element

S3R element

Figure 4.6. Shell elements used in the air dam model

Boundary conditions are defined on the top surface of the air dam to resemble how it is
attached to the bumper. Therefore, all nodes on the top surface are constrained to prevent any
displacements and rotations as shown in Figure 4.7.

Figure 4.7: Section of the air dam with constraints shown as blue arrows

Table 4.2 lists the material properties of the air dam. Flow stress and plastic strain data
were entered into ABAQUS to capture possible plastic deformation (see Figure 4.8).
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Table 4.2: Material properties of the air dam
871 𝑘𝑔⁄𝑚3

Density
Modulus of Elasticity

1.3 GPa

Poisson’s Ratio

0.38

Flow Stress vs. Plastic Strain

Flow Stress (MPa)

25
20
15
10
5
0
0

0.1

0.2

0.3

0.4

0.5

Plastic Strain

Figure 4.8: Plastic properties of the air dam

The solver setting is for static analysis with a direct linear solver, more specifically a
direct sparse solver. Static load analysis is used to apply the imported pressure (from the CFD
simulation) on the air dam. The direct sparse solver is used because it significantly reduces the
computational time when solving the system of equations that has a sparse structure. This type of
sparse matrix structure often occurs when the physical model is made of shell elements [3].
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4.2 Two-way Fluid-Structure Interaction
Two-way coupling between the CFD solver STAR-CCM+ and the FEA solver ABAQUS
is used to predict the final deformation of the air dam. The full vehicle model is considered in the
fluid region as shown in Figure 4.1. However, the FEA model contains only the air dam shell
model as shown in Figure 4.5. Two parameters are exchanged between the two solvers by means
of pressure mapping. The pressure on the air dam is computed first in STAR-CCM+ and is then
mapped on the FEA air dam model input file which contains geometry and mesh information for
the air dam. Mapping is done to apply the pressure field onto the air dam to act as a load. This
input file contains pressure as a distributed load (DLOAD) on each element and the displacement
is computed by ABAQUS. After each time displacement is computed in ABAQUS, the
deformed air dam is exported back into STAR-CCM+. When the deformed air dam is imported
into STAR-CCM+, its thickness must be assigned since it is imported as a shell with zero
thickness. In order to achieve this, two different methods have been considered for deforming the
air dam and importing the displacement into STAR-CCM+.

4.2.1 Pressure Mapping and Verification
Since the ABAQUS model of the air dam is a shell, it consists of positive and negative
surfaces. The pressure field is mapped on each surface. Therefore, there are two separate input
files, one for each surface, that contain load details on each surface element. A python script is
used to combine the two input files. Both the pressure field and the mapped pressure field results
from STAR-CCM+, and the distributed loads from ABAQUS, are compared to ensure they
match after transfer between the two applications. For example, Figure 4.9 shows identical
pressure fields on the negative surface when exported from STAR-CCM+ and imported into
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ABAQUS. Once these parameters establish matching results, the deformation of the air dam is
inspected by increasing the deformation scale factor in ABAQUS (Figure 4.10).

(a)

(b)

(c)
Figure 4.9: (a) Pressure on the air dam from CFD (STAR-CCM+), (b) mapped pressure field,
(c) exported pressure field (ABAQUS)
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Figure 4.10: Inspection of deformation to ensure correct mapping and boundary conditions

Figure 4.11: Pressure on the air dam after combining files. Note that STAR-CCM+ and
ABAQUS follow different sign convention

43

After the pressure fields on both surfaces and the deformation are verified, a similar
verification process is performed on the combined pressure fields. For example, the pressure on
the front side of the air dam is plotted in Figure 4.11. The top figure shows the pressure from
STAR-CCM+ while the bottom figure shows the pressure in ABAQUS. In ABAQUS, by
definition, a positive pressure load is applied to the same direction of the positive normal. For
shell elements illustrated in Figure 4.12, the positive normal direction points from the bottom
face to the top face of an element. Once this is understood and accounted for, both results are
verified to be identical, indicating that the mapping is set up appropriately.

Figure 4.12: Positive normal direction for shell elements in ABAQUS

4.2.2 Vector Warp Method
After the displacement is computed, the ABAQUS solution file is imported into STARCCM+. The newly deformed air dam is created in STAR-CCM+ using the imported
displacement data. This is done using the Warp function under the Derived Parts in STARCCM+. The part is exported from ABAQUS in an STL (stereolithography) format so that it can
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be imported back as a region. The original air dam is replaced with the deformed one by
combining two regions, i.e., the region that contains all the original vehicle components and the
new region that contains the deformed air dam. The pressure field is re-computed after the model
is re-meshed. The process is repeated until the air dam stops deforming. The warp method comes
with one disadvantage. When the exported part is examined in a pre-processing software such as
ANSA, open surfaces are discovered (Figure 4.13). This means that each time the air dam is
deformed, the user needs to fix the surfaces manually before moving on to the next step.

Figure 4.13: Open surfaces are shown in ANSA after the air dam is
deformed and meshed using the warp method
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4.2.3 Inflation Method
After the displacement is computed, the solution file (odb file) is imported as a deformed
air dam part. An input file that contains geometry of the deformed air dam is exported and
converted to an STL file. The STL file only contains shell elements of the air dam. Therefore,
once imported into STAR-CCM+, the shell elements are inflated by 3 mm using the built-in
surface repair tool (Figure 4.14). Unlike the warp method, there is no open surface after it has
been inflated. The original air dam is replaced by the deformed air dam and the model is remeshed for processing.

Figure 4.14: Air dam before inflation (left) and after being inflated by 3 mm (right)

4.3 Simulation Procedures
The FSI process is illustrated in Figure 4.15. The pressure load is mapped from STARCCM+ to ABAQUS and used to calculate the displacement of each node on the air dam. Using
the displacement data, the deformed air dam shape is exported from FEA to CFD. The previous
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shape of the air dam in CFD is replaced by the deformed part after the air dam is imported using
the inflation method. After that, pressure is computed after the model is meshed with the
replacement part. This process is repeated until the displacement reaches the equilibrium state.

Figure 4.15: Complete FSI process
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Chapter 5 Results

5.1 Data Acquisition
During the wind tunnel testing, the air dam was equipped with measurement devices such
as laser displacement sensors, strain gauges and pitot tubes. The location of each device was
included in a CAD file and the image of the air dam with the measurement devices was scanned
as shown in Figure 5.1. Since stabilization of the displacement in the z-direction is used as the
main convergence criterion for the simulation, as discussed in Chapter 4, the predicted
displacement in the z-direction at each laser location is compared with the test data.

Figure 5.1: Locations of measurement devices on the air dam
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5.2 Displacement
The displacement in the z-direction was monitored at points B, C, D, and E on the air
dam as shown in Figure 5.1. Location of the nodes corresponding to respective measurement
devices were identified in ABAQUS. The maximum displacements at these nodes were recorded
in ABAQUS.
Displacement of the nodes B, C, D and E in the z-direction was calculated each time the
pressure field data was imported from CFD and the pressure was applied as a distributed load
acting on the air dam in ABAQUS, i.e., at the end of each cycling between CFD and FEA
simulations. Displacement at the measurement points were monitored until they reached an
equilibrium condition.
At the end of the first cycle, as shown in Figure 5.2, the largest deflection was
experienced around the middle part of the air dam as indicated in red. The maximum deflection
of 7.165 mm was recorded at point E. It is also noted that as the middle part gets pushed in by
the load, both outer edges get pulled forward, as indicated by the negative displacement at the
ends of the air dam.

Disp. (mm)
7.165
6.000
5.458
4.917
4.375
3.833
3.292
2.750
2.208
1.667
1.125
0.583
0.042
-0.500

Figure 5.2: Displacement in the z-direction at the end of the first cycle
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The FSI simulations progressed until the displacement converged, i.e., until the
difference between the displacements at two consecutive cycles was less than 10-2 mm. As
previously mentioned in Chapter 4, this is considered to be when the displacement of the air dam
reaches equilibrium. This is confirmed by plotting the displacement at each monitoring point and
analyzing the plot pattern. Figures 5.3 – 5.6 show the behaviour of the air dam as the exerted
load stabilizes.
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Figure 5.3: z-direction displacement of the air dam at point E at each cycle
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Figure 5.4: z-direction displacement of the air dam at point D at each cycle
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Figure 5.5: z-direction displacement of the air dam at point C at each cycle
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Figure 5.6: z-direction displacement of the air dam at point B at each cycle

From Figures 5.3 – 5.6 it is apparent that the pattern is similar for every measurement
point. The air dam experiences the most deflection during the first cycle and there is a relatively
steep decline at the second cycle. Oscillation is present in the first few cycles when the air dam is
initially subjected to the air flow. The reason for the oscillation is the same as it was for the plate
model from Chapter 3. When the initial pressure is applied to one side of the air dam, the air dam
is deformed. Once this pressure is released, the air dam oscillates backwards (due to a restoring
force) and forwards as it attempts to regain its equilibrium position. The computation of the
displacement value stabilizes after the fourth cycle and the change in displacement between
cycles continues to reduce slowly over time. This phenomenon occurs because, as the load
pushes the air dam, there is an internal force that pushes the air dam back. The internal force
decreases as the forces acting on the air dam goes into a static equilibrium condition.
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The contours of displacement of the air dam after the 14th cycle are shown in Figure 5.7.
It is apparent that as the force acting on the air dam is attenuated, the displacement is also
reduced. Comparing Figures 5.2 and 5.7 illustrates that the highest displacement region on the air
dam also has become smaller. The largest displacement value has decreased from 7.165 mm to
6.301 mm at the central point (point E).
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6.000
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4.917
4.375
3.833
3.292
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1.667
1.125
0.583
0.042
-0.500

Figure 5.7: Displacement in z-direction at the end of the last cycle (14th cycle)

5.3 Pressure
Figures 5.8 and 5.9 show the pressure distribution in terms of pressure coefficient on the
air dam. The pressure field on the air dam shows a similar pattern that was evident in
displacement results. A high pressure region occurs around the middle area and the lowest
pressure region remains around both ends of the air dam. This consistency between results from
FEA (displacement) and CFD (pressure) is expected as they both act as an input for each other.
Hence, the high pressure region corresponds to high displacement in the middle of the air dam.
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5.4 Overall Result and Comparison

0

Figure 5.8: Pressure coefficient after the first cycle

Figure 5.9: Pressure coefficient after the 14th cycle

5.4 Overall Results and Comparison
The predicted and experimental final displacements at locations E, D, C, and B on the air
dam are compared in Figure 5.10. The maximum deflection at each measurement point in the
experiment and the corresponding monitoring point from the simulation are reported. The result
of the simulation underpredict the displacement by about 50% at all laser locations. The detailed
percentage errors are reported in Table 5.1. It is also noted that the highest deflection points are
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different. Point D experienced the highest deflection in the wind tunnel, whereas the simulation
predicted the most deformation at Point E. The discrepancies between the predicted and
measured displacements may be due to the way in which the air dam was fastened to the vehicle
in the FEA model. Inadequate boundary conditions in the FEA model may explain why the
predicted air dam displacements underestimate those that are measured experimentally.

Air Dam Deflection Comparison
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Figure 5.10: Comparison between wind tunnel and simulation data

Table 5.1: Percentage error at each measurement location
Location

Error (%)

E

49.5

D

52.5

C

55.1

B

55.1
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Even though the difference between the experimental and computational displacement
results is relatively high, the results are consistent for all measurement locations. In other words,
in comparison to the wind tunnel results, simulation results at all four locations underpredict the
displacement by a factor of about 2.
In addition to the above, there are a few other possible sources of error that explain the
discrepancies between the predicted and the wind tunnel data. The first possible source of error is
with the FEA air dam model. Since the FEA model only contains an air dam, displacement of
other body components that are usually attached is not taken into consideration. As the frontal
area is a crucial part of the vehicle that is subjected to most of the air flow before separation, as
illustrated in Figure 5.11, there could be an increase in displacement of the air dam as other parts
in the frontal area deform together.

Figure 5.11: A vehicle is subjected to aerodynamic loads [14]

Furthermore, the entire air dam is assumed to have uniform thickness of 3 mm. In reality,
the thickness of an air dam is non-uniform. Simply put, due to a varying thickness, some parts of
the air dam could experience more deformation than others. This can be explained using a
cantilever beam under load. The moment of inertia would be different based on the thickness.
Therefore, some part would deform more than another part of the air dam with greater thickness.
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An air dam on a vehicle is fastened with body clips. With the partial FEA vehicle model,
the boundary condition could be changed in a way that body clips are considered. This means
only imposing boundary conditions only at the holes (see Figure 4.7) where body clips would be
installed.
The flow stress curve shown in Figure 4.8 includes data from a tensile test. A
compression test would provide data that could account for air dam material behaviour due to
friction and buckling [15].
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Chapter 6 Conclusions and Future Work

6.1 Conclusions
The research for this thesis focused on developing a methodology for fluid-structure
interaction (FSI) for predicting the deflection of an air dam on a truck under aerodynamic load.
A two-way fluid-structure interaction between CFD and FEA was carried out to predict the
deflection of an air dam on a truck. STAR-CCM+ and ABAQUS were coupled using a file-based
two-way method. After the simulation results were obtained, the results were compared with the
data from wind tunnel testing.
The following are some of the key findings from this research project:
•

Two plate model studies, one for a simple rectangular plate and one for a plate
resembling the air dam, were conducted to establish a practical methodology for the air
dam FSI problem. It was shown that the behaviour of the modified plate was consistent
with the behaviour of the air dam observed in the wind tunnel.

•

Displacement of the modified plate experienced some oscillation, but the oscillation was
very small. This indicated that the final displacement that the modified plate experienced
was not significantly changing in time.

•

The results from the modified plate supports the idea of applying a steady-state solver for
the air dam simulation.

•

For the full vehicle model, since the FSI simulation is a file-based two-way methodology,
the results from each STAR-CCM+ and ABAQUS iteration were stored in a file. The
simulation was run until the displacement converged to within a prescribed tolerance.
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•

The displacement at the four measurement points was underpredicted by the FSI
simulation by about 50%. Although the percent error is significant, the results are
consistent across all measurement points.

6.2 Future Work
There are some possible research directions that may lead to improved accuracy of the
full vehicle simulation.
Some recommendations include:
•

A full vehicle FEA model coupled with a full vehicle CFD model could produce more
accurate pressure profiles on the air dam. This is because the displacement of the whole
vehicle would be used to calculate pressure in the CFD simulation.

•

In addition to the suggestion above, strongly coupled two-way FSI could be implemented
to reduce computing time. This methodology would remove the step of the user manually
exporting and importing exchanged parameters in a file. It would also eliminate
deforming the air dam manually in STAR-CCM+ as the mesh would be updated
automatically and simultaneously.

•

The issues associated with communication between the CFD code and the FEA code
could be eliminated by implementing FSI in a single code. A small number of
commercial and in-house codes currently exist with this capability.

59

References

1. Binder, A. K. (2006). Ward’s Automotive Yearbook 2006 (68th ed.). Wards Communications.
2. CD-adapco, STAR-CCM+, V11.06, User Manual, 2017
3. Dassault Systems, ABAQUS, V6.11, User Documentation, 2011
4. Noh, W. F. CEL: A Time Dependent, Two Space Dimensional, Coupled Eulerian-Lagrange
Code. UCRL-7463, University of California Lawrence Radiation Laboratory, Livermore, CA,
USA. https://doi.org/10.2172/4621975
5. Dowell, E., & Hall, K. (2001). Immersed Boundary Methods. Annual Review of Fluid
Mechanics, 33, 445–490. https://doi.org/10.1146/annurev.fluid.33.1.445
6. Bisplinghoff, R. L., Ashley, H., & Halfman, R. L. (1955). Aeroelasticity. Addison Wesley,
New York, USA.
7. Fung, Y.C. (1955). An Introduction to the Theory of Aeroelasticity. Wiley, New York, USA.
8. Dowell, E. H., Crawley, E. F., Jr., H. C. C., Peters, D. A., Scanlan, R. H., & Sisto, F. (1995). A
Modern Course in Aeroelasticity (Solid Mechanics and Its Application), vol. 32, 3rd ed.,
Springer, Netherlands.
9. Patil, S., Lietz, R., Woodiga, S., Ahn, H., Larson, L., Gin, R., Elmore, M., & Simpson, A.
(2015). Fluid Structure Interaction Simulations Applied to Automotive Aerodynamics, SAE
Technical Paper 2015-01-1544, SAE 2015 World Congress and Exhibition, Detroit, MI, USA.
https://doi.org/10.4271/2015-01-1544.
10. Kesti, J., & Olsson, S. (2014). Fluid Structure Interaction Analysis on the Aerodynamic
Performance of Underbody. Masters thesis, Chalmers University of Technology, Goteborg,
Sweden. https://hdl.handle.net/20.500.12380/205833

60

11. Pesich, J., McNamara, J., Kimbrell, A., and Kang, P. (2018). Steady Aeroelastic Response
Prediction and Validation for Automobile Hoods, SAE Int. J. Passeng. Cars – Mech. Syst., 11(3),
251-262. https://doi.org/10.4271/06-11-04-0021.
12. Versteeg, H. K., & Malalasekera, W. (2007). An Introduction to Computational Fluid
Dynamics: The Finite Volume Method. Pearson Education Ltd., Harlow, UK
13. Logan, D. L. (2017). A First Course in the Finite Element Method (6th ed.). Cengage
Learning, Boston, MA, USA.
14. Baker, C., Johnson, T., Flynn, D., Hemida, H., Quinn, A., Md, S. D., & Sterling, M. (2019).
Train Aerodynamics: Fundamentals and Applications (1st ed.). Butterworth-Heinemann, Oxford,
UK. https://doi.org/10.1016/B978-0-12-813310-1.00010-1
15. Pietrzyk, M., Cser, L., & Lenard, J. G. (1999). Mathematical and Physical Simulation of the
Properties of Hot Rolled Products. Elsevier Gezondheidszorg.

61

Vita Auctoris

NAME:

Chang Kyun Kang

PLACE OF BIRTH:

Seoul, Republic of Korea

YEAR OF BIRTH:

1991

EDUCATION:

University of Windsor, BASc., Windsor, ON, 2017
University of Windsor, MASc., Windsor, ON, 2021

62

ProQuest Number: 28548050
INFORMATION TO ALL USERS
The quality and completeness of this reproduction is dependent on the quality
and completeness of the copy made available to ProQuest.

Distributed by ProQuest LLC ( 2021 ).
Copyright of the Dissertation is held by the Author unless otherwise noted.

This work may be used in accordance with the terms of the Creative Commons license
or other rights statement, as indicated in the copyright statement or in the metadata
associated with this work. Unless otherwise specified in the copyright statement
or the metadata, all rights are reserved by the copyright holder.

This work is protected against unauthorized copying under Title 17,
United States Code and other applicable copyright laws.

Microform Edition where available © ProQuest LLC. No reproduction or digitization
of the Microform Edition is authorized without permission of ProQuest LLC.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, MI 48106 - 1346 USA

